Geodetic monitoring of infrastructures is one of the key tasks in surveying and engineering geology. Systematic monitoring and assessment of the exterior deformation of embankment dams for safety analysis are often difficult when using classical surveying techniques due to time-consuming surveying procedures and high labour costs. Modern remote sensing techniques play an important role in efficiently assessing deformation: changes in the geometry, position and orientation of dams. In this study, we present the feasibility of effective post-construction deformation monitoring of the Masjed-Soleyman dam in Iran using high-resolution (∼1 m) synthetic aperture radar (SAR) imagery in SpotLight (SL) mode from the X-band TerraSAR-X (TSX) satellite. This dam has been monitored over the last 15 years using classical surveying techniques, which provide horizontal and vertical deformation measurements of the structure. We show that high-resolution X-band SAR data provide a much more detailed identification of dam deformation in the crest and downstream that is not possible to infer from classical surveying techniques with few sparse geodetic monuments. High-resolution TSX data reveal that the dam is currently subject to two different deformation regimes: one is related to the crest and its adjacent area downstream, with a maximum rate of deformation of approximately 13 cm/yr in the radar line-of-sight (LOS). The other is related to the lower part of the downstream, with a maximum LOS velocity of 7 cm/yr. The effect of this centimetre displacement has been shown through several damage features on the dam body, including minor to large dislocation cracks on the crest and a significant deformation zone on the downstream slope.
Introduction
Embankment dams (earth and rockfill) are among the most important engineering structures built for the management of water resources in river basins for agriculture, flood control, and drinking water supply. They are subject to both internal and external loads that may induce deformation (displacement and strain) on the structure and its foundation. An embankment dam should be able to withstand static and dynamic loads imposed on it during its useable life. Generally, there are two types of deformation associated with embankment dams: the first is vertical subsidence caused by the weight of dam, and the second is horizontal deformation caused by the hydrostatic pressure of the reservoir, perpendicular to the main axis of the dam [1, 2] . Deformation itself depends on various factors, including the water load of the reservoir, construction parameters (geometry, material, etc.), the water impoundment steps of the dam reservoir and the geological condition at the foundation of the dam [3, 4] .
Deformation monitoring at all stages of a dam's life is important for evaluating geometrical changes to the structure in space and time and deriving the relationship between causative factors and deforma
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availability from radar satellites and significant data processing improvements, allowing mm-accuracy monitoring of individual structures through multi-temporal analysis of radar images [16] [17] [18] [19] . The development of high-resolution SAR imagery sensors aboard missions such as COSMO-SkyMed (CSK) and TerraSAR-X (TSX), together with a short revisit cycle (from 4 to 11 days), significantly improved our capabilities for infrastructure deformation analysis. High resolution SAR images can identify much higher density of point measurements in comparison to results from medium-resolution missions such as ERS and Envisat or ground-based surveying [20] [21] [22] [23] [24] [25] . For example, Bovenga et al., 2012 [26] and Wasowski and Bovenga (2014) [27] documented an approximately 5 to 10 times higher density of measurements using CSK and TSX Stripmap data; the density of measurements often exceeded 1000 measurement points/km 2 in comparison with those obtained from medium resolution ERS and Envisat data. Even higher densities of measurements are obtained using SpotLight acquisitions [28, 29] . For example, Bamler et al., 2009 [30] , using SpotLight acquisitions, reported a density of more than 100,000 radar targets/km 2 for analysing ground deformations in urban areas. This paper focuses on investigating the post-construction deformation of the Masjed-Soleyman dam in Iran using high-resolution X-band SAR data in SpotLight (SL) mode from the TerraSAR-X satellite. A 15-yr long surveying dataset is presented to show the long-term pattern of horizontal and vertical motion on the dam. Through interferometric observations from March 2014 to February 2015, we then quantify the recent magnitude and spatial pattern of dam deformation and compare the results with survey results for the same time period. The paper is organized as follows. In Section 2, we briefly explain the history of the Masjed-Soleyman dam. Section 3 describes the existing geodetic network and InSAR analysis used to assess deformation from X-band SAR data. The results of geodetic and InSAR surveys are presented in Section 4, followed by the Discussion and Conclusion in Sections 5 and 6, respectively.
The Masjed-Soleyman dam
The Masjed-Soleyman dam was constructed between 1995 and 2000 on the Karoun River, which is one of the largest and longest rivers in Iran (length ∼ 950 km) and one of the most important surface water resources in the country. The watershed area is estimated to be approximately 60,000 km 2 . The dam is located approximately 25 km northeast of Masjed-Soleyman City in the Khouzestan province of southwestern Iran (Fig. 1) .
The Masjed-Soleyman dam is an embankment dam (rockfill) with a vertical central clay core. The height of crest above foundation is 177 m, with a crest length of 497 m and a crest width of 15 m. The width from heel to toe is 780 m, and the slope of embankment is 1 to 2 for upstream and 1 to 1.75 for downstream (Fig. 2) (Fig. 3) .
Soon after the first impoundment of the dam, cross and longitudinal cracks started to develop in the dam crest, especially at the junction of concrete or steel elements to the rockfill dam shell. Because of these deformations, monitoring of Masjed-Soleyman dam became particularly important.
Geodetic data

Surveying network of the dam
As of 2000, a terrestrial surveying network was established on and around the dam, and so far, 15 consecutive measurements have been performed on this network. The main network on the dam (crest and downstream slope) includes 25 target points on the dam body. With high-precision total station theodolites horizontal distances, bearings and vertical angles were measured with respect to six off-dam pillars as fixed control points. The nominal angular precisions of 0.5″ and 1 mm + 1 ppm were set for measuring angles and distances, respectively. The height difference between the stations was measured using digital levels with a nominal precision of 0.3 mm/km.
The location of the geodetic points (on-dam network) is illustrated in Fig. 4 . All measurements were adjusted using an over-constraint least-squares adjustment [31] to derive horizontal coordinates of the surveying points in each time period. Coordinate differences were then computed for every station to derive horizontal motion. The height-difference measurements were also adjusted using a least-squares technique to estimate the point heights with respect to the BM5 levelling benchmark as illustrated in Fig. 4 .
For comparison with InSAR data (Section 3.2), we used only part of the results obtained from terrestrial surveying, the 2014-2015 time period, which corresponds with the InSAR data. The surveying cam paign in this period included 182 horizontal distance and bearing measurements. With 56 unknown variables, including 50 unknowns for estimating horizontal coordinates of the 25 surveying points and 6 unknowns for estimating zero bearing of the horizontal circles, this results in 126 degrees of freedom for the least-squares adjustment. The maximum Root Mean Square Error (RMSE) values for horizontal and vertical angles were 0.22 and 0.35, respectively.
InSAR analysis
The SAR data used in this research include 36 X-band images acquired by the German TerraSAR-X mission in SpotLight (SL) mode over the study area: 23 incidence and heading angles of 36°and 190°, respectively, while ascending images have incidence and heading angles of 35°and 350°, respectively. In SL mode, the TerraSAR-X system uses phased array electrical beam steering in the azimuth direction to increase illumination time and size of the synthetic aperture. This leads to a higher azimuth resolution of approx. 1.5 m at the cost of an azimuth scene size of 10 km by 10 km. Most of the SL data acquired over our study area had a short revisit period of 11 days, except for some gaps in data acquisitions that increased the time interval between images to a maximum 55 days in descending and 88 days in ascending paths.
Data analysis of TerraSAR-X SpotLight data was performed using the Small Baseline Subset [6] time-series approach [17] implemented in StaMPS [32] . For SBAS analysis, we first produced full-resolution differential interferograms from the cropped SAR data (Fig. 5 ) using the repeat-pass method implemented in DORIS [33] . The linear Doppler frequency shift in azimuth between SpotLight images was accounted for during the interferometric processing following the method proposed by [28] . The six-point cubic convolution kernel was shifted during the resampling step using a Doppler frequency matrix constructed from Doppler information imbedded in the XML metafile [34] . Differential interferograms were then constructed using a 30-m Digital Elevation Model (DEM) for topography-related phase correction and geocoding.
Having made the full-resolution interferograms, we first selected an initial set of candidates, the so-called Persistent Scatterer Candidates (PSCs), using amplitude difference dispersion with a threshold value of 0.6 [16, 32] . The interferometric phase of PSCs was further analysed by a statistical analysis of the temporal coherency measure [35] , which accounts for the residual phase noise remaining after subtracting both the spatially correlated and spatially uncorrelated contributions to the interferometric phase. Then, coherent pixels were selected that exhibited slow decorrelation over short time intervals, the so-called slowly decorrelating filtered phase (SDFP) pixels. Finally, the wrapped phase of the SDFP pixels was unwrapped using a 3-dimensional phase unwrapping approach [36] , and a least-squares inversion was applied to retrieve the displacement time-series. For simplicity, we refer to SDFT pixels as coherent pixels.
Because of the low sensitivity of the ascending interferogram to dam deformation (further discussed in Section 4.2), time-series analysis using the SBAS method was performed on only descending data. Fig. 6 illustrates the temporal-spatial baseline distribution of the final interferometric pairs used for time-series analysis; the circles represent acquisition dates, while the lines connecting the circles represent interferograms. As shown in Fig. 6 , the network was fully connected, so the design matrix had a full rank, and no regularization was needed for the inversion [17] . As previously explained in Section 3, for comparison with InSAR observations (Section 5.1), we only used part of the results illustrated in Fig. 7 , corresponding to the 2014-2015 time period, which overlap with the InSAR data. Table 1 lists the results corresponding to this surveying campaign. The maximum error, the semi-major axis of error ellipse, for the estimated horizontal coordinates is 2.9 mm, corresponding to point S54. The maximum estimated height error is < 1.5 mm .
Results
Surveying measurements
SBAS interferograms
Figs. 8 and 9 show examples of descending and ascending interferograms processed from TerraSAR-X SpotLight data, respectively. The displacement fringes are clearly visible in the descending interferograms. This results from the geometry of the downstream slope, which is favourable for the descending data used in this study. With an incidence angle of θ = 36°for descending TSX SAR images and a slope angle of α = 30°, the amount of foreshortening for a distance l on the downstream slope (back slope for descending geometry) would be equal to l sin (θ + α) = 0.9l [37] . As a result, the downstream slope does not suffer significantly from foreshortening in descending acquisitions, also clearly visible in Fig. 5 , resulting in favourable interferometry measurements. As shown in Fig. 8 , descending X-band interferograms suggest that the dam is subject to two completely separate deformation regimes. One is related to downstream embankments, where we see concentric circular fringes, the number of which increases with the temporal baseline. The second (red rectangle in Fig. 8c ) is related to the dam's crest (black dashed line) and its immediate neighbouring area downstream and upstream. The boundary between the two regions is clearly visible in interferograms with short temporal baselines (Fig. 8b, c) , but difficult to follow in interferograms with large temporal baselines (>209 days) due to temporal decorrelation on the crest area.
In contrast to the descending interferograms, the ascending interferograms show squeezed fringes on the downstream slope of the dam. This results from the geometry of the downstream slope, which is close to perpendicular to the Line-Of-Sight (LOS) direction of ascending images, leading to significant foreshortening of the SAR images. Considering the incidence angle of θ = 35°of the ascending TSX SAR images and the slope angle of α = 30°, the amount of foreshortening for a distance l on the downstream slope (fore slope for ascending geometry) is equal to l sin (θ-α) = 0.08l. The effect of such significant foreshortening is also clearly visible in the amplitude image in Fig. 5c , where slope details are lost, and the amplitude image looks very bright. As a result, displacement fringes on the downslope embankment will not properly appear in the ascending interferograms of Fig. 9 . Fig. 10a illustrates the average 2014-2015 LOS velocity map for the dam area obtained using the network constructed in Fig. 6 . Fig. 10b corresponds to standard deviation of the mean LOS velocity. The SBAS analysis of TSX SpotLight data provides more than 65,000 coherent pixels for displacement measurements on the dam, corresponding to a density of 1 measurement point per 2 m 2 area. The velocity map clearly indicates that the dam area is subject to two spatially variable deformation regimes: one on the crest and the other on the downstream slope. The deformation patterns in these two regions separate from each other on the upper part of the downstream section. Most of the estimated mean velocities have standard deviations less than 4 mm/yr, but there are areas where the standard deviations reach up to 1 cm/yr. This is caused either by unwrapping errors, e.g. in slopes outside the downslope embankment due to foreshortening, or deviation of deformation rate in these areas being greater than the mean velocity that assumes linear deformation.
InSAR time-series
Maximum settlement occurs on the crest and its adjacent area downstream (marked by 1 in Fig. 10a) , where LOS velocity amounts to approximately 13 cm/yr for the 2014-2015 period. The maximum LOS velocity on the lower part of the downstream reaches approximately 7 cm/yr for 2014 to 2015. Fig. 11 illustrates the time-series of InSAR-derived displacement close to the location of geodetic points on the dam. As shown, except for points S51 to S55, which are close to the spillway (Fig. 4) , and those points located at the bottom part of the downstream section (S45, S35, S25), the remaining locations on the crest and downstream do not show signs of temporal stability at almost 15 years after com (Fig. 4) . The zigzag pattern in Fig. 7b reflects an incomplete survey of the points measured in December 2001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) pletion of the dam. In particular, points that sustained maximum settlement (e.g., S31-S33 and S21-24) show a clear declining trend in LOS displacement. To better visualize the spatial pattern of deformation, we extracted velocity profiles at five cross sections along the axis of the crest that cross the geodetic points and plotted them in Fig. 12 . As shown in Fig. 12 , except for the last profile, which is located on the lowest part of the downstream section, the displacement pattern at all other profiles show a clear concave pattern, resulting from the dam settling. The amount of subsidence increases from the outer border of the dam to the middle. This is in general in agreement with the estimation provided by geodetic measurements, suggesting that the rate of settlement has not stabilized in major parts of the Masjed-Soleyman dam.
Discussion
Comparison with geodetic measurements
For quality assessment of InSAR results, we compared them with the ground-based measurements at surveying points for the period 2014-2015. As the surveying measurements provide information for both horizontal and vertical displacements, we first projected them to the LOS direction using the following relation [38] :
where γ is the azimuth of the satellite's track, θ is the incidence angle of the radar wave, and d e , d n and d u are 3 components of displacement in east-west, north-south and vertical directions, respectively, The scatter diagram plotted in Fig. 13 illustrates correlation coefficients between InSAR and geodetic results at surveying points; the squares and triangles correspond to the points on the crest and body, respectively. We computed correlation coefficients using least-squares regression for three scenarios: (1) points located on the crest (squares in Fig. 13 ), (2) points located downstream (triangles in Fig. 13 ), and (3) all the points together.
As shown in Fig. 13 , the correlation coefficient between terrestrial geodetic and InSAR measurements at all points (solid line in Fig. 13 ) is 0.97. The correlation for points on the crest (dashed line in Fig. 13 ) is 0.95, while for points on the body it is slightly (4%) higher, i.e., 0.99 (dot-dashed line). The lower correlation for points on the crest in comparison to points downstream can be related to the relatively large deformation at the crest. This leads to large fringe gradient in a relatively short distance, 15 m crest width, especially for interferograms with large temporal baselines, in turn causing phase unwrapping problems and underestimation of deformation using InSAR.
The importance of InSAR surveys
The InSAR time-series analysis provides spatially dense measurements of surface deformations on the crest and downstream embankment, enabling us to assess the complete pattern of structure stability that is difficult to obtain precisely using sparse ground-based geodetic measurements. To better illustrate this point, we evaluated the difference between interpolated velocity map from geodetic measurements and the velocity obtained using InSAR analysis for the 2014-2015 time period. The geodetic velocity map (Fig. 14a) was obtained by interpolating the geodetic measurement using linear polynomials to derive the pattern of deformation everywhere on the dam. To be comparable with InSAR, horizontal and vertical displacements from geodetic measurements were projected into LOS (Fig. 14b) . The residual map in Fig. 14d was then derived by subtracting this map from the InSAR observations in Fig. 14c . The negative sign in Fig. 14d corresponds to underestimation by InSAR and vice versa.
As shown in Fig. 14d , in neighbouring geodetic points, we observe very good consistency between InSAR and interpolated geodetic maps, except for points on the upstream edge of the crest, where InSAR underestimates deformation, as discussed previously. However, between geodetic points, large residuals of up to 3 cm/yr are observed in the middle of the downstream embankment due to the poor density of geodetic monuments. Such observations have important implications for reliably assessing the long-term settlement behaviour of dams using mechanical and numerical models in which the results at the surveying points are interpolated to determine nodal values for a particular element [8] . The temporal and spatial characteristics of surface deformation obtained from analysis of high-resolution TSX SAR data can significantly improve dynamic numerical models constrained by such surface boundary conditions [20] .
The importance of full-resolution SBAS analysis
The small spatial scale of surface deformation at the crest of the dam requires pixel-wise SBAS time-series analysis and interferometric processing. The cross-track (range) resolution of TerraSAR-X data in SpotLight acquisition is 2.01 m in slant range, equivalent to 3.4 m on the ground, considering the incidence angle of 35.73°for the dataset. Along-track (azimuth) resolution is slightly higher, approximately 1.6 m on the ground.
The standard SBAS approach proposed in [17, [39] [40] [41] uses multi-looked interferograms for time-series analysis. For crest monitoring, although these multi-looking factors might decrease noise artefacts in differential interferograms and improve the efficiency of phase unwrapping, they can also be problematic. Fig. 15 shows the effect of two exemplary multi-looking factors of five and ten on two interferograms with temporal baselines of 33 days (Fig. 15b ) and 352 days (Fig. 15c) ; the multi-looking factor of 5 corresponds to approximately 8 × 17 m rectangular pixels, and 10 corresponds to 16 × 34 m rectangular pixels.
As shown in Fig. 15 , the best displacement fringes are observed when we process the interferograms at full resolution (Fig. 15b-c) . The fringe visibility of the crest area is best observed in the full-resolution 33-day interferogram, but is lost in interferograms with long-temporal baselines using a multi-looking factor of 5 (Fig. 15f) . For the multi-looking factor of 10, the fringe visibility in crest area is lost in both short-term and long-term interferograms (Fig. 15h-i) . This loss is related to the proximity of pixels at the dam's crest with noisy pixels from the upstream region (water reservoir). When these pixels are combined together using a multi-looking factor of 10, the details are lost, and no reliable information for the crest could be exploited from the differential interferometry analysis. For the down stream area, the details of surface deformation are clearly visible in the full-resolution 352-day interferogram, but are reduced to some extent with the multi-looking factor of 5 ( Fig. 15e-f) . Applying a uniform multi-looking factor of 10 greatly affects the quality of the information extracted for the down-stream area from differential interferograms (Fig. 15h-i) . This illustrates the importance of performing point-wise InSAR techniques [16, 42, 43] and/or selecting adaptive [44] and realistic multi-looking factors [45] for investigating local and small scale deformation signals in engineering structures. It is worth noting that the SBAS analysis implemented in StaMPS works based on single-look images to identify single-look coherent pixels. Therefore, interferograms are processed at the highest possible resolution, enabling identification of isolated coherent pixels on the crest that are surrounded by decorrelated pixels upstream. Therefore, StaMPS can detect enough coherent pixels for deformation analysis over the width of the crest, as already illustrated in the velocity map in Fig. 10 .
Field survey
The study area was visited in March 2016 to find evidence of damage derived from deformation of the dam as detected by both ISAR and geodetic observations. Fig. 16 illustrates examples of dislocation cracks in different parts of the dam documented by this fieldwork. Both the crest and upstream and downstream embankments sustained visible damage and settling. Fig. 16a and c illustrate distortion on the upper part of the downstream and upstream embankments, respectively, which were caused by differential subsidence in that region. Major fractures had developed at the junction of concrete or steel elements to the shell of the rockfill dam (e.g., Fig. 16d, e) , damaging the asphalt and guardrails. Minor damage, composed mainly of longitudinal cracks, was also detected on the road surface on the dam crest (Fig. 16f) . All pieces of field evidence presented in Fig. 16 reflect inelastic deformation behaviour caused by long-term consolidation processes in the crest foundation and embankments.
Conclusion
Due to high-spatial resolution and a relatively short revisit time, the interferometric analysis of X-band SpotLight SAR images provides a very detailed stability assessment of embankment dams and engineering structures in both space and time. It is worth noting that the outcome of high-resolution interferometry analysis depends on data availability. The pre-existing high-resolution SAR sensors aboard the TerraSAR-X do not have an extensive background acquisition program for the continuous monitoring of a particular engineering structure such as dams and buildings at risk. The acquisitions need to be programmed based on request, which sometimes leads to conflicts with other requests for military, industrial and commercial use. The conflict creates a temporal gap in the data stack due to failure of one or even several acquisitions, causing phase unwrapping errors in areas subject to large deformation gradients. Moreover, slope geometry of the embankments and geometrical distortions induced by side-looking acquisition geometry of SAR systems can limit the applicability of high-resolution InSAR measurements for detailed, local scale monitoring. For east-facing and west-facing embankments, useful SAR signals can be obtained for cases where the incidence angle is equal to or greater than the slope angle. Otherwise, the shadowing or layover effect renders the SAR signal useless.
At the Masjed-Soleyman rockfill dam, SpotLight interferometry analysis with TerraSAR-X SAR data reveals significant displacements on the crest and downstream slope. The maximum displacement rate at the crest reaches approximately 13 cm/yr along the satellite line of sight, corresponding to approximately 15 cm/yr by ignoring horizontal motion. Total settling of rockfill structures is expected to complete 24-30 months following the end of construction, when the settlement rate is less than 0.02% of the crest height [1] . Therefore, we can conclude that instability process is still affecting the Masjed-Soleyman dam, which after 15 years of construction shows a settlement rate of approximately 0.08% of its height. Future research should focus on using this valuable result to design a better ground-based surveying network that can capture the strain field more precisely at a higher spatial resolution. This will play a key role in developing reliable dynamic and numerical models of stability using finite element methods for dam safety analysis and the mitigation of associated hazards. 
